Abstract-This paper introduces a high speed brushless field excitation (BFE) machine that offers high torque per ampere (A) per core length at low speed and weakened flux at high speed. Lower core losses at high speeds, are attained by reducing the field excitation.
I. INTRODUCTION
The reluctance interior permanent magnet (RIPM) motor is currently used by many leading auto manufacturers for hybrid vehicles. The power density for this type of motor is high compared with that of induction motors and switched reluctance motors. The primary drawback of the RIPM motor is the permanent magnet (PM) because during high-speed operation, the fixed PM produces a huge back electromotive force (emf) that must be reduced before the current will pass through the stator windings. This reduction in back-emf is accomplished with a significant direct-axis (d-axis) demagnetization current, which opposes the PM's flux to reduce the flux seen by the stator wires. This may lower the power factor and efficiency of the motor and raise the requirement on the alternate current (ac) power supply; consequently, bigger inverter switching components, thicker motor winding conductors, and heavier cables are required.
The direct current (dc) link capacitor is also affected when it must accommodate heavier harmonic currents. It is commonly agreed that, for synchronous machines, the power factor can be optimized by varying the field excitation to minimize the current. The field produced by the PM is fixed and cannot be adjusted. What can be adjusted is reactive current to the d-axis of the stator winding, which consumes reactive power but does not always help to improve the power factor.
The objective of this project is to avoid the primary drawbacks of the RIPM motor by introducing brushless field excitation (BFE). This offers both high torque per ampere (A) per core length at low speed by using flux, which is enhanced by increasing current to a fixed excitation coil, and flux, which is weakened at high speed by reducing current to the excitation coil. If field weakening is used, the dc/dc boost converter used in a conventional RIPM motor may be eliminated to reduce system costs. However, BFE supports a drive system with a dc/dc boost converter, because it can further extend the constant power speed range of the drive system and adjust the field for power factor and efficiency gains.
Lower core losses at low torque regions, especially at high speeds, are attained by reducing the field excitation. Safety and reliability are increased by weakening the field when a winding short-circuit fault occurs, preventing damage to the motor.
For a high-speed motor operating at 16,000-revolutions per minute (rpm), mechanical stress is a challenge. Bridges that link the rotor punching segments together must be thickened for mechanical integrity; consequently, increased rotor flux leakage significantly lowers motor performance. This barrier can be overcome by BFE to ensure sufficient rotor flux when needed.
II. PROTOTYPE MOTOR
A CAD assembly cross section of the Oak Ridge National Laboratory (ORNL) 16,000-rpm motor design is shown in Fig. 1 . Fig. 2 shows the wound stator core, a stack of rotor punchings, and an excitation coil inside the coil housing of the prototype motor. Fig. 3 shows the calculated air-gap flux density distributions at various excitation levels. The field excitation, I exc , is the product of current flowing through the excitation coil and the 865 turns in the field coil. The excitation current, I exc , can be calculated by dividing the ampere-turns (AT) by the number of turns in the field coil. The air-gap flux density is adjusted by varying the field excitation current. When high torque is required, the air-gap flux density is enhanced by increasing I exc . When low torque and high efficiency are required, I exc is reduced to zero. 
III. SIMULATION RESULTS

A. Electrical computations
B. Mechanical Computations
As an important part of the analysisis, the high-speed rotor's rigid-body critical speed and maximum 3-D stress at 16,000 rpm were calculated. A transfer matrix approach was used to estimate the critical speed, which is the speed at which imbalance forces resonate with the shaft's natural frequency between its support bearings, causing large amplitude vibrations that can destroy the system.
The analytical results are; 1) The estimated rigid-body critical speed of the 16,000 rpm rotor was 24,960 rpm. The ratio of 24,960/16,000 provides a safety factor of 1.56. 2) Stress analyses of the rotor requires proper contact surfaces between the magnets and their encapsulating core. Fig. 6(a) shows the solid models with only the PMs in the upper right quadrant having properly defined contact surfaces, which allow them to move in their slots. The movement of the magnets is indicated by the gaps, which appear between the PM and rotor punching. Fig. 6(b) shows that when contact surfaces are incorrectly bonded to the core lamination, the stresses become unrealistically low. The values 22 ksi, 11 ksi, 11 ksi, and 21 ksi are low when compared with the values 52 ksi, 56 ksi, 49 ksi, and 50 ksi generated by the magnets that can move freely in their slots. This demonstrates the importance of having the contact surfaces properly defined. Fig. 7 is an ALGOR deflection analysis showing that the radial displacement at the rim of a 0.018-inch thick 16,000 rpm laminate rotor ranges from 0.00066 in. to 0.00124 in., which is less than the air gap of 0.029 in. between the rotor and stator. Fig. 8 shows that, although acceptable, the shear stresses at the support columns of a 0.018-in. thick 16,000 rpm laminate rotor are slightly larger because the side of the small magnet nearest to the radial magnet is not along a radius. 
IV. TEST RESULTS
A. Back-EMF Tests
The Solectria motor was used to drive the RIPM BFE machine up to 5000 rpm to measure the open circuit voltages generated in the stator windings by the PMs. The line-to-neutral rms voltages were measured as a function of speed for field excitation currents ranging from -5A to +5A in 1A increments. The baseline waveforms obtained at 1000 rpm with no field excitation and enhanced by a field excitation of +5A are shown in Figs. 9 and 10 , respectively. The scale in volts per division has doubled from Fig. 9 to Fig. 10 . There is a noticeable difference not only between the amplitudes of the waveforms, but also in the shape of the waveforms.
A better representation of the effects of the field excitation current on the magnitude of the back-emf is portrayed in Fig. 11 . The measured rms voltage is plotted versus speed for each field current. The slope of the -5A to 0A back-emf curves are relatively constant. The slope increases dramatically as the excitation field is increased from 0-3A, yet saturation appears to begin at 3A. The top two lines indicate a large amount of saturation between 4A and 5A of field excitation current as evidenced by a very small change in slope.
The effects of saturation of the BFE flux are more obvious if the back-emf is plotted versus field excitation current for each speed as shown in Fig. 11 . This plot substantiates that magnetic saturation becomes effective above 2A where the influence of increased field excitation current on the back-emf curve is significantly reduced.
From the measured back-emf per phase versus the field current shown in Fig. 12 , the test field adjustment ratio, which is the phase back-emf at a given field excitation current divided by the back-emf at 0A field excitation current, can be obtained. These test field adjustment ratios are listed in Table  2 . The ratio indicates how the field excitation current can change the phase back-emf. 
B. Core/Friction Loss Tests
The primary idea of the no load loss data is to show the advantage of reducing the field and thus core losses at high speed, when no energy is applied to the stator windings, if for example it is spun by an internal combustion engine. The test torques required for spinning the rotor by a separate motor versus rotor speed at different field currents can be used to calculate the required power. Fig. 13 shows the core and friction losses versus the spun rotor speed at different field currents. 
C. Locked Rotor Torque Tests
During the locked rotor tests, the rotor was fixed at selected angular positions as positive dc current was fed to phase 'a' and returned through phases 'b' and 'c' connected in parallel. The results for a stator current of 50A and various field currents are shown in Fig. 14 . Contrary to the waveform shape of typical PMSMs, these torque waveforms are not symmetrical about the horizontal axis. For example, for no field excitation current the magnitude of the peak positive torque, 16 Nm, does not equal the magnitude of the peak negative torque, -24 Nm. This feature was purposely designed into the RIPM-BFE motor to produce more torque while spinning in one direction than in the opposite direction; consequently, it was necessary to spin the motor in the appropriate direction during testing.
As expected, the peak torque is obtained while using the highest field excitation current of 5A.
The torque measurements for all stator currents with 5A field current are shown in Fig. 15 . Only the peak regions were measured for stator currents other than 50A to reduce test time and to avoid the temperature rise that accompanies higher stator currents. The graph shows that the peak torque capability of the motor is about -155 Nm.
D. Efficiency Mapping
Data points for each efficiency map were taken from 1,000 rpm to 16,000 in 1,000 rpm increments and from 0 Nm increasing in 10 Nm increments to a final high torque value at each speed. A total of six efficiency maps were generated for corresponding dc field currents of 0A, 1A, 2A, 3A, 4A, and 5A. Fig. 16 shows the projected efficiency contours using optimal field current with field losses included and the corresponding optimal current map is shown in Fig. 17 . .
V. CONCLUSIONS (1)
The back-emf can be easily controlled with an external field excitation current in the 0-5A range. This field excitation range is capable of changing the air-gap flux density up to 2.5 times at a given speed. The cost of the circuitry for supplying excitation current to the coils is low in production quantities. (2) While the rotor is rotating at high speed with no field current, the core loss is significantly lower than that of fixed PM motors. (3)
The prototype motor design permits the rotor punching bridges to be thicker to satisfy the high speed mechanical stress requirements. (4) The rotor performed at high speed smoothly without failure. (5) The RIPM-BFE motor benefits from using an optimal field current. This results in increased efficiencies at low torques for both partial loads and high speeds. (6) Test confirms that the asymmetrical rotor can increase the forward performance on the expense of reducing the backward performance. However, further study on this topic is needed. (7) The prototype motor is not the optimal possible design of a high speed motor that uses the 3-D field excitation technology. Various improvement options learned from this project can be used to meet different design constrains.
